The existing model predictive control schemes for the matrix converter perform well under ideal input conditions, but are not optimal when source voltages are unbalanced and distorted. The analysis shows that, under input disturbances, the input filter capacitors cause active power fluctuation and further output power quality degradation, which has been ignored in literature. Therefore, a method is proposed to extract the fluctuation with a digital filter and compensate it in the reference generation of source active power, so as to eliminate the output low-frequency harmonics. In the case of input voltage unbalance, a method is proposed to generate the reference source reactive power which could achieve sinusoidal source currents, without the need of separating sequence components. Moreover, effects of source voltage distortions, which degrade the input power quality significantly and are ignored in literature, are suppressed with the proposed generation method of reference reactive power. The extensive experimental results in nine cases have verified the satisfactory steady-state and dynamic performance of the proposed methods.
I. INTRODUCTION
Matrix converter (MC) realizes direct power conversion between two multi-phase systems without large DC-link energy storage elements [1] . To obtain sinusoidal input and output current, proper control methods should be applied to the MC. Linear modulation schemes such as the typical space vector modulation have been widely applied to MCs [2] - [5] . Yet, their control complexity is usually high [6] .
Benefiting from the fast development of semiconductor technology, model predictive control (MPC) has been suggested as a promising alternative to linear modulation schemes [6] , [7] . During every sampling period, MPC selects the optimal switching state that minimizes the defined cost function, and then applies it to the MC. In addition to the simple concept and principle, MPC has the advantages of fast dynamic response and multi-objective optimization. Therefore, it has attracted wide attentions from researchers of MC in recent years [8] - [15] .
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For the MC with MPC, the direct source current control performs better than the source reactive power control in term of power quality [16] . Therefore, the idea of it has been accepted in the newly developed MPC techniques [12] - [14] , [17] - [21] . Yet, the active power balance principle of MC does not allow for independent control of source currents. As a result, the reference of source currents must be set appropriately, otherwise the control performance would be degraded. Reference [16] comparatively evaluates two methods which generate the reference source currents based on the instantaneous power theory and the phase-lock loop (PLL) respectively. It shows that the one using PLL could achieve better input power quality, and thus is more commonly used in the later studies. Anyhow, the reference source currents in the two methods are calculated using the reference active and reactive power, which are set as the load active power with efficiency considered and zero for unity power factor operation separately. This kind of reference generation is easy to implement, but are not optimal under disturbed input conditions, which is the topic of this paper. VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ Due to the lack of intermediate energy storage elements, the MC is sensitive the source voltage unbalance and distortions. To date, only a few paper have considered the effects of source disturbances on the control performance of the MPC for MC. Although the second method presented in [16] shows relatively good input power quality, low-frequency harmonics are inevitably introduced into output currents because of the active power balance principle. This is detrimental if high output performance is required. Moreover, only the efficiency is considered in the reference source active power. Effect of the input LC filter on the instantaneous active power has been ignored.
In the specific case of sinusoidal but unbalanced source voltages, it is revealed in [23] that sinusoidal source currents can be obtained without affecting the output power quality, only if the input power factor angle (or reactive power) varies dynamically with the source voltages rather than being fixed (e.g. zero). To reach this goal, the intuitive way is modifying the input power factor angle with the positive-and negative-sequence components of the unbalanced source voltages, which has been widely adopted in literature [23] - [28] . In [29] , a notch filter is used to simplify the calculation of the variable input power factor angle. In [30] and [31] , feedback control of source currents based on resonant controllers is adopted to eliminate the supply current harmonics. Yet, these methods are all based on the linear modulation schemes and not directly applicable to the MPC for MC. In [21] and [22] , similar methods are proposed for the MC with MPC, which are based on the extendedstate observer and lagging signals by 90 • respectively. However, all of these methods have ignored the effect of source voltage distortions which degrade the control performance significantly.
Considering both the source voltage unbalance and distortions, improvements are proposed for the MC with MPC in this paper, which are realized by setting appropriate reference of source active and reactive power. The primary goal of the proposed methods is to eliminate low-frequency harmonics in output currents caused by input disturbances. Effect of the input filter capacitors is analyzed in particular. It shows that, when source voltages are unbalanced and/or distorted, the input filter capacitors produce active power fluctuation rather than pure reactive power. This fluctuation leads to output current harmonics, degrading the output power quality. Therefore, a digital filter is adopted in the proposed method to extract the fluctuation and compensate it in the reference of source active power, so that balanced and sinusoidal output currents under any input disturbances can be achieved.
The secondary goal of the proposed methods is to reduce the source current distortions caused by the source voltage unbalance. Similar to the methods studied in [21] , [22] , and [23] - [28] , this goal is realized by modifying the reference source reactive power. The difference lies in that the reference is obtained from the derivative of the filtered source voltages with simply digital notch filters. In this way, no sequence component separations are required, and thus this method is easier to realize. Moreover, source voltage distortions are considered in the design of the notch filters, so that their effects on the reference calculation are eliminated and thus the source current distortions are reduced significantly.
The rest of this paper is organized as follows. Section II briefly shows the principle of the MPC for MC. Section III analyzes the effect of the input filter capacitors and introduces the proposed method to compensate the active power fluctuation. Section IV describes the proposed method achieving sinusoidal source currents under unbalanced input conditions. Section V shows the extensive experimental verification under nine cases of operation conditions. Section VI draws the conclusion.
II. PRINCIPLE OF THE MPC FOR MC
The system control block diagram of MC with MPC is shown in Fig. 1 (a) . It can be seen that the system control consists of four parts: 1) source current prediction; 2) output current prediction; 3) cost function minimization; 4) calculation of source current reference. The source current reference is calculated from the reference active power p * s and reactive power q * s based on the instantaneous power theory. The proposed methods to obtain p * s and q * s are illustrated in Fig. 1(b) , with which the input and output power quality under input disturbances can be enhanced. Details of the proposed methods are provided in the next two sections. The rest of this section briefly presents the basic principle of the MPC for MC.
The discrete state-space equation of the input LC filter is
where x[k] represents the value of variable x at the beginning of the k th sampling period and T s is the sampling time;
expressions of the matrices i and i are provided in [7] . The discrete model of the output circuit is
where coefficients o and o can also be referred to [7] . In practice, the digital control results in one sampling period delay affecting the control performance of MPC. The delay compensation must be implemented to obtain the variables x[k + 2] based on (1) and (2) with one beat in advance. For the MPC, cost function is the only criterion to determine which switching state should be applied to MC. Usually, it comprises the prediction errors of all the concerning control objectives. In this paper, the direct source current control [16] is applied to the input side, so the cost function g is expressed as
where superscript * represents the reference value. (3) shows g is the weighted sum of the absolute prediction errors of source and output currents. λ s is the weighting factor of source currents. MC has 27 valid switching states in total [7] . Each state corresponds to a set of values of input current i i and output voltage u o , which can be used to predict the source current i s and output current i o based on (1) and (2) respectively. Hence, there are 27 values of the cost function g corresponding to the valid states. As zero g means perfect tracking performance for source and output currents, the switching state minimizing g should be applied to the MC.
In (3), the reference source current i * s is not an independent variable. It should be determined by the required output currents (active power) and source reactive power. According to the instantaneous power theory, i * s can be expressed as
where p * s and q * s are the references of source active and reactive power separately. The next two sections will elaborate how they are generated to enhance the input and output power quality considering input disturbances.
In existing MPC schemes, the reference source active power p * s is usually considered equal to the reference active power p * i at the input side of MC:
where p * o is the reference active power at the output side which is approximately equal to the load active power; where η is the efficiency from the source to the load. (5) is only true for the adopted passive load, and should be modified accordingly if an active load (e.g. a motor) is adopted. To be more accurate, p * i can be obtained with a feedback control of load active power. In [16] , a more accurate mode considering the input filter parameters is used to generate the source current references, the performance of which yet has no difference with (5) for the study in this paper.
In addition, the reference source reactive power q * s is usually set to zero for unity power factor operation, i.e.
The reference generations shown in (5) and (6) are sufficient and simple for the MPC to achieve satisfactory performance under balanced and sinusoidal source voltages, but fail to achieve optimal input and output power quality under disturbed input conditions as discussed in the next two sections.
III. CALCULATION OF REFERENCE SOURCE ACTIVE POWER A. EFFECT OF THE INPUT FILTER CAPACITOR
According to the input circuit of MC, the source current vector satisfies
where i c is the current flowing into the filter capacitors. The instantaneous active power p s generated by the source is
where superscript c denotes the complex conjugate; function Re(·) represents the real part of a complex number; p c is the instantaneous active power absorbed by the filter capacitors; p i is the active power at the input side of MC, which is equal to the output active power transferred to the load if the power loss of MC is ignored. In literature, it has been widely acknowledged that the input filter capacitors consume reactive power which degrades the power factor. A lot of methods have been proposed to achieve unity power factor operation, such as those in [28] , [32] , and [33] . Nevertheless, few papers have considered the effect of the filter capacitors on the instantaneous active power under input disturbances.
According to Fig. 1 , the current i c can be expressed as
The instantaneous active power p c absorbed by the filter capacitors is thus expressed as
where subscript α, β, and m represent the α-axis component, β-axis component and the instantaneous amplitude of the vector separately. The approximately equal symbol is based on the assumption that the voltage drop on the filter inductor L f is small enough to be ignored. (10) shows that p c is proportional to the derivative of the square of the amplitude u sm of source voltages. Under the VOLUME 7, 2019 ideal condition that source voltages are balanced and sinusoidal, u 2 sm is a constant value and thus p c is zero. This is why the effect of the filter capacitors on the active power was ignored in literature. However, source voltages are usually unbalanced and distorted due to the unbalanced and nonlinear load in the practical power grid. Without loss of generality, the disturbed source voltage vector u s can be expressed as
where ω s is the source angular frequency; U s n represents the amplitude of the nth harmonic, which could be a complex value containing the initial phase information; the harmonic order n could be negative values representing the negativesequence components. The square of u sm can be expressed as
It is clear from (12) that u 2 sm contains rich harmonics in addition to the DC component under input disturbances. With the substitution of (12), (10) is rewritten as (13) shows that the instantaneous active power absorbed by the input filter capacitors is not zero under input disturbances, but contains a lot of harmonics. The larger the capacitor is or the higher order of the harmonic in source voltages is, the larger the amplitude of the harmonic in p c will be. If ignored in the calculation of reference source active power, these harmonics will be transferred to the load directly, degrading the output power quality.
An example of the effect of the input filter capacitors is shown in Fig. 2 . The three-phase fundamental source voltages are 100V/50Hz (RMS). Fundamental negative-sequence component, 5 th and 7 th harmonics are added, of which the contents are all 5%. It can be known from (12) that the u 2 sm contains even-order harmonics with orders from 2 to 12. Some harmonics are significant while others are not. The filter capacitors are 20µF in this case, absorbing instantaneous active power with large fluctuation, as shown in Fig. 2 . It should be noted that such fluctuation is independent of the output active power. This means that the lighter the load is, the severer the effect of the fluctuation is and the poorer the control performance is.
B. PROPOSED METHOD TO COMPENSATE THE FLUCTUATION
This paper proposes a method to eliminate the active power fluctuation caused by the input filter capacitors, as shown in Fig. 1(b) . In this method, reference p * s of source active power is compensated with the active power fluctuation p c as
Ideally, (10) can be used to extract p c . However, this is not practicable, because the derivative operation in the digital controller is quite sensitive to the noise, the sampling error, and high frequency harmonics. To address this issue, a digital filter H P (s) is used to eliminate any unwanted harmonics generated by the derivative operation.
To maintain the control accuracy, H P (s) must meet the following two conditions: 1) the gains of H P (s) at the desired frequencies should be unity and the phase shifts should be zero, otherwise there are errors between the extracted p c and the actual value; 2) the gain of H (s) at any unwanted frequency should be as small as possible. If only one harmonic exists in the derivative of u 2 sm , the design of H P (s) is simple. However, when multiple harmonics are contained in the derivative of u 2 sm , this task is much harder. To simplify the design of H P (s), this paper proposes a feedback method as shown in Fig. 3 . The low-pass filter F(s) on the feedback path is to approximate the one sampling period delay caused by the digital control in practice. The controller G P (s) on the forward path consists of several resonant controllers:
where K P m is the static gain of the resonant controller with central frequency mω s , which can be selected in a wide range as it does not affect the output dynamic performance; in addition to the derivative term, the numerator of each RC has a first-order lead compensator with the time constant T s to compensate the phase shift caused by the phase delay of F(s).
The expression of H P (s) is
According to the principle of RC, the gains of G P (s) are infinite at the frequencies mω s while quite small at other frequencies. Therefore, it is clear that the gains of H P (s) at the frequencies mω s are unity whereas approaching zero at other frequencies. By setting the central frequency of each RC to the frequency of one harmonic in u 2 sm , the wanted harmonics in the derivate of u 2 sm can be extracted while the unwanted ones are suppressed.
The frequency response of H P (s) is shown in Fig. 4 , where six RCs are adopted to eliminate the harmonics with orders of 2, 4,. . . , 12 caused by the common disturbances of source voltages. Fig. 4 shows that H P (s) presents unity gains at the desired frequencies and tiny gains at other frequencies, proving that it can perform satisfactorily when filtering the derivative of u 2 sm . It should be noted that number of the adopted RCs can be reduced in practice since some harmonics in u 2 sm may be not significant. Yet, as many RCs as needed are still used in this paper for guaranteeing generality.
IV. CALCULATION OF REFERENCE SOURCE REACTIVE POWER A. SOURCE CURRENTS UNDER UNITY POWER FACTOR
As shown in (6), the reference source reactive power is usually fixed at zero to obtain unity power factor. With this method, the reference source current shown in (4) is rewritten as For an easier comprehension of the theoretical concepts, the effect of the active power fluctuation caused by the input filter capacitors is ignored in (17) and p * s is thus considered equal to the input active power p * i to be transferred to the load. When source voltages are distorted or unbalanced, this method inevitably generates harmonics in source currents.
In the special case that source voltages are unbalanced but sinusoidal, the source voltage vector can be expressed as:
where u sp and u sn are the positive-and negative-sequence vectors separately, and U sp and U sn are the corresponding time phasors.U sn is 0 if source voltages are balanced and nonzero otherwise. With the substitution of (18) into (17), the source current reference can be expressed in the form of complex Fourier series [23] : Fig. 5(a) shows the waveforms of the αβ-axis components of i * s where the unbalanced degree is 5%. As it can be seen from (19) and Fig. 5(a) , the reference source currents contain many low-order (3 rd in particular) harmonics. If (19) is directly applied the MPC for MC, the actual source currents will show severe distortions.
B. SOURCE REACTIVE POWER FOR SINUSOIDAL CURRENTS
The study in [23] has proved that sinusoidal source current vector can still be obtained under unbalanced source voltages VOLUME 7, 2019 FIGURE 6. Frequency response of the digital filter H Q (s). Two notch filters are adopted to eliminate 5 th and 7 th harmonics.
FIGURE 7.
Picture of the experimental prototype.
and its expression is
Waveforms of αβ-axis components of i * s are shown in Fig. 5(b) . Fig. 5(b) and (20) prove that i * s could contain only positive-and negative-sequence fundamental components without any harmonics, while keeping the active power constant. This is the theoretical basis of the method in this Section.
According to the instantaneous power theory, the reference q * s of source reactive power is deduced from (20):
. (21) where Im(·) represents the imaginary part. It can be found from (21) that, to obtain sinusoidal source currents under unbalanced source voltages, q * s must be set as an AC signal of twice the source frequency, as shown in Fig. 5(b) . This is also a proof that the existing methods with constant q * s cannot obtain sinusoidal source currents.
In addition, the equivalent expression of q * s could be attained from (18) , (20) , and (21):
where θ u1u is the angle difference between vectors u s and u s1 , while u s1 is defined as the subtraction of positive and negative voltage vector:
Under unbalanced source voltages, θ u1u is time-varying. 
C. PROPOSED METHOD TO CALCULATE THE REFERENCE REACTIVE POWER
As presented above, if the reference source reactive power q * s is set based on (22) instead of being fixed at zero, sinusoidal source currents can be obtained under unbalanced source voltages. To implement this method, the key is to obtain the tangent value of θ u1u . Although sequence component separation could certainly reach this goal, it is relatively complicated. This paper proposes a simple method to get θ u1u so as to calculate q * s , as shown in Fig. 1(b) . According to (18) and (23), vectors u s1 and u s satisfy
Namely u s1 could be obtained from the derivation of u s . It should be noted that (24) is only true under unbalanced and sinusoidal source voltages. When source voltages are distorted with low-order harmonics which are very common in practice, (24) is not satisfied. In this case, the u s1 generated with (24) will contain many unwanted low-order harmonics, degrading the control performance significantly. Therefore, some existing methods such as those presented in [21] and [22] only consider the unbalance and thus will not behave properly under distorted input conditions. Besides, the highfrequency noises also affect the performance of the direct derivative operation. Therefore, a digital filter H Q (s) is adopted in the proposed method to extract the fundamental components firstly and eliminate the unwanted low-and high-order harmonics. The obtained signal is v s , satisfying
where L represents the Laplace transformation. In this paper, the filter H Q (s) is composed of several notch filters in series:
It can be found that H Q (s) has zeros at the frequencies mω s , and thus it can completely remove the mth harmonic in source voltages. Frequency response of H Q (s) is shown in Fig. 6 , where two notch filters with m = 5 and 7 are adopted. It is also clear from Fig. 6 that the designed notch filter helps to suppress the high-frequency harmonics apart from the 5 th and 7 th ones. The derivative of v s is then calculated with
As the low-and high-order harmonics are eliminated by the designed filter H Q (s), (27) is realizable in a digital controller. Tangent value of the expected phase angle θ u1u can be further obtained:
Re
Re v s v c s1 (28) It can be found that the gain and phase shift generated by the filter H Q (s) at the fundamental frequency ω s does not affect the accuracy of (28) . Hence, the design of H Q (s) is quite flexible, but the adopted one shown in (26) is preferred in term of harmonic attenuation. After tan θ u1u is obtained, the reference of source reactive power can be calculated based on (22) . Since the low-order harmonics in source voltages are eliminated by the adopted filter H Q (s), they would not generate unwanted harmonics in the obtained q * s , and thus the proposed method for sinusoidal source currents under unbalanced and sinusoidal source voltages will not deteriorate the performance if source voltages are polluted with harmonics.
V. EXPERIMENTAL VERIFICATION A. EXPERIMENTAL SETUP
The proposed methods are verified on a MC prototype shown in Fig. 7 When source voltages are unbalanced, 5% negative-sequence components are injected. When source voltages are distorted, 5 th and 7 th harmonics are injected, both of which the contents are 5%. A high performance programmable AC source (Chroma 61511) is adopted to generate the required voltage disturbances. The proposed methods presented in Section III and IV are applied to realize the active power compensation and reactive power control respectively. Digital filters adopted in the experiments are the same with those described in the theoretical analysis.
B. EXPERIMENTAL RESULTS FOR THE ACTIVE POWER CONTROL
Case 1 and 2 evaluate the control performance with the conventional and proposed methods to generate the reference source active power separately. The experimental result with the conventional method is shown in Fig. 8 . Effect of the input filter capacitors on the active power transferred to the load is ignored in this case. To better show the effect, the instantaneous amplitude i om of output currents in addition to the phase current i oU is presented. It is clear from Fig. 8 (a) that i om contains obvious low-frequency ripples. The dominant harmonic in i om has the frequency of 300 Hz with content up to 2.0%. For applications requiring very high power quality, such as the motor drive systems, such lowfrequency ripples deteriorate the control performance, and thus corresponding measures need to be taken to eliminate them. The source current i sA is inevitably distorted because of the disturbed source voltages.
Then the proposed method is incorporated in Case 2. The active power fluctuation p c caused by the input filter capacitors is compensated in the reference of the source active power. As shown in Fig. 8(b) , p c fluctuates in the form of low-frequency harmonics, which causes the low-frequency ripples in i om in Case 1. With the proposed method, the low-frequency ripples in i om are suppressed, with THD of i om reduced from 3.28% to only 2.44%. In particular, the content of 300Hz harmonic is reduced to less than 0.5%, demonstrating the effectiveness of the proposed method to improve output quality. The THD of source current is higher due to the increased 5 th and 7 th harmonics. This is the cost of the improved output power quality and is worthy if the power quality is critical for applications. 
C. EXPERIMENTAL RESULTS FOR THE REACTIVE POWER CONTROL
Case 3 and 4 evaluates the control performance with the reference source reactive power fixed at zero and generated with the proposed method respectively. Fig. 9 (a) shows the experimental result of Case 3 where q * s is fixed at zero. It is clear that the source current i sA is distorted with THD up to 5.95% even under sinusoidal source voltages. In particular, content of the 3 rd harmonic is equal to the unbalanced degree of 5.00%. This is in well accordance with the theoretical expression shown in (19) .
Then the proposed method to generate the reference source reactive power is adopted in Case 4. As shown in Fig. 9(b) , q * s in this case is not fixed but varies at twice the source frequency. With the proposed method, the input power quality is improved dramatically, with THD of i sA reduced to only 3.29%. In particular, the content of the 3 rd harmonic in i sA is suppressed to less than 1.75%. At the same time, the output power quality is not affected, with THD of i oU maintaining around 2.50%. Therefore, Fig. 9 demonstrates the superiority of the proposed method. Case 5 and 6 further evaluate the performance under unbalanced and distorted source voltages. In Case 5, the additional filter H Q (s) shown in Fig. 1 is replaced with a simple lowpass filter which cannot mitigate the 5 th and 7 th harmonics. The experimental result shown in Fig. 10(a) indicates that, without H Q (s) to eliminate the 5 th and 7 th harmonics in source voltages, the generated q * s has very high amplitude of fluctuations. q * s contains other unwanted low-frequency harmonics in addition to the component at twice the source frequency. Consequently, the source current is severely distorted, with THD up to 44.85% in this case. On the contrary, when H Q (s) is incorporated in the proposed method in Case 6, the generated q * s has small amplitude and is not affected by the source voltage distortions at all, which is shown in Fig. 10 (b) . Accordingly, the THD of i sA is about 12.17%, much lower than the one without the notch filter. Fig. 10 proves that all of the existing methods to obtain sinusoidal source currents under unbalanced input conditions must consider the effect of the voltage distortions, otherwise the input power quality will be deteriorated significantly. VOLUME 7, 2019 FIGURE 11. Experimental result of Case 7. Source voltages are unbalanced and distorted. The source frequency is set as 49.5Hz in the programmable AC source while is assumed to be 50Hz in the proposed methods.
D. EXPERIMENTAL RESULT UNDER SOURCE FREQUENCY VARIATION
In Case 7, performance of the proposed methods to generate the reference of source active and reactive power is further evaluated considering the variation of source frequency. The actual source frequency is 49.5Hz, which is 0.5Hz lower than the assumed one in the control algorithm. This case has covered most of the frequency variations in practice. The experimental result is shown in Fig. 11 . It can be seen that the control performance is hardly affected by the frequency variation. The generated p c and q * s are almost the same with those shown in Fig. 10(b) . Accordingly, the input and output power quality is not degraded by the frequency variation, with THDs of source and output currents maintaining around 12.00% and 2.50% respectively. Therefore, the proposed methods in this paper have the robustness to source frequency variation.
E. EXPERIMENTAL RESULTS DURING THE DYNAMIC PROCESS
Performance of the proposed methods are further evaluated considering the source and load transients. Fig. 12(a) shows the result of Case 8 where the reference output current amplitude steps between 8A and 4A. It can be seen that the generated p c is not influenced by the output transient and q * s responses immediately when the load steps. Besides, responses of the source and output currents are not influenced by the proposed methods. Therefore, the proposed methods could achieve satisfactory dynamic performance under stepping load. Fig. 12(b) shows the experimental result of Case 9 where source voltages change from sinusoidal to unbalanced and distorted. It can be found that when source voltages are suddenly disturbed, the proposed methods could response very fast to the changes. The generated p c and q * s reach their steady-state within a very short period. Moreover, no disturbances are observed in the waveforms of output current i oU and its amplitude i om . Therefore, the proposed methods also have satisfactory dynamic response to the input disturbances.
VI. CONCLUSION
Considering source voltage unbalance and distortions, the analysis in this paper shows that the input filter capacitors generate active power fluctuation transferred to the load by the MC. Such fluctuation degrades the output power quality if ignored in the calculation of reference source active power for the MPC. The proposed method to generate the reference active power could effectively compensate such fluctuation and suppress its effect on the output power quality. Besides, high-performance digital filter which is easy to implement is adopted in the proposed method so as to eliminate the unwanted harmonics in the additional control signal without affecting the wanted ones.
When source voltages contain unbalanced component, the input power quality with the MPC can also be improved by setting appropriate reference source reactive power. A method to generate the desired reference reactive power is proposed, which effectively reduces the source current harmonics caused by source voltage unbalance. In particular, source currents can approach sinusoidal when source voltages are unbalanced but sinusoidal. Notch filters are used in the proposed method, so that the need of extracting sequence components is saved. Moreover, the designed notch filters also prevent the source voltage distortions from influencing the calculation of the reference reactive power, which is a significant improvement over existing methods.
Satisfactory control performance of the proposed methods have been demonstrated by experimental results under various working conditions. The proposed methods can also be extended to other control algorithms even including the ones based on linear PWM algorithms.
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